Mitrovic D, Dymowska A, Nilsson GE, Perry SF. Physiological consequences of gill remodeling in goldfish (Carassius auratus) during exposure to long-term hypoxia. Am J Physiol Regul Integr Comp Physiol 297: R224 -R234, 2009. First published May 20, 2009 doi:10.1152/ajpregu.00189.2009 acclimated to 7°C and exposed to hypoxia (ϳ10 mmHg) for 7 days exhibited a pronounced remodeling of the gill consisting of the removal of an interlamellar cell mass (ILCM). Subsequent experiments were designed to assess the impact of gill remodeling and the associated increase in functional lamellar surface area on the distribution of branchial ionocytes and Cl Ϫ flux across the gill. Despite the increased functional lamellar surface area during hypoxia, there was no corresponding increase in Cl Ϫ loss or efflux of the extracellular marker polyethylene glycol (PEG 4000). However, when hypoxic fish were returned to normoxic water for 12 h, rates of Cl Ϫ and PEG efflux were markedly stimulated in keeping with an increased surface area for solute movement. Similarly, the rate of branchial Cl Ϫ uptake was reduced (105 Ϯ 22 vs. 45 Ϯ 8 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) in normoxic and hypoxic fish, respectively, but then stimulated (345 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) upon reestablishment of normoxic conditions. Hypoxia (7 days) was accompanied by a significant decrease in the total cross-sectional area of branchial ionocytes owing to a decrease in their numbers and individual sizes. Thus, despite experiencing an increase in functional lamellar surface area, hypoxic goldfish limit branchial Cl Ϫ loss likely by a hypoxia-mediated decrease in paracellular permeability. In normoxic fish, the ionocytes were largely confined to the outer edges of the ILCM. During hypoxia, preexisting ionocytes migrated with the shrinking ILCM, while a smaller proportion of newly differentiated cells appeared below the surface of the ILCM. The capacity to maintain a population of ionocytes in contact with the water is an appropriate strategy to retain ionoregulatory capabilities regardless of whether the lamellae are uncovered or covered.
hypoxia; ion regulation; Cl Ϫ balance; mitochondrion-rich cell; ionocyte; Na ϩ /K ϩ -ATPase; interlamellar cell mass MANY SPECIES OF FISH HAVE adopted strategies to survive extended periods of hypoxia that may occur commonly in aquatic environments (39) . Some hypoxia-tolerant species, including crucian carp (Carassius carassius) and goldfish (C. auratus) can survive extended periods (months) of hypoxia in cold water (1) by reducing metabolic rate and exploiting large glycogen stores to fuel anaerobic metabolism (12) . While anaerobic metabolism may provide necessary energy for the fish, the duration of hypoxia tolerance is limited by the prevailing glycogen stores (21) . Thus, it is clearly advantageous for such animals to postpone for as long as possible the switch from aerobic to anaerobic metabolism (23) . In crucian carp, this is accomplished by remodeling the gill during exposure to hypoxia to increase functional surface area (SA) (22, (32) (33) (34) .
The remodeling of the gill in hypoxic crucian carp involves the removal of an interlamellar cell mass (ILCM), causing the exposure of previously covered lamellar surfaces (32) . Although increasing SA will benefit O 2 uptake, it is likely to hinder osmotic and ionic regulation owing to increased rates of passive salt loss and water uptake (8, 31) . Thus, the energetic costs associated with osmoregulation will be increased in freshwater owing to the need to increase the active (ATPdependent) absorption of salts. The tradeoff between the need to maximize functional SA for gas transfer and the benefit of a reduced SA to limit the costs of osmoregulation is termed the osmorespiratory compromise (31) . Thus, the crucian carp utilizes an effective strategy to reduce metabolic expenditures by dynamically linking gill functional SA with gas transfer requirements. Goldfish, like crucian carp, exhibit gill remodeling when exposed to cold ambient temperatures. Specifically, Sollid et al. (34) and more recently Mitrovic and Perry (19) demonstrated that acclimatization of goldfish to 7°C resulted in a marked decrease in gill functional SA owing to the formation of an ILCM. Although no data currently exist, it is reasonable to expect that like crucian carp, goldfish exposed to severe hypoxia at 7°C would increase gill functional SA by removal of the ILCM. If occurring, such an increase in functional SA might cause an increase in passive ion loss that would need to be matched by an increase in the capacity for active ion uptake to prevent ionic imbalance. In the present study, we have focused on the consequences of hypoxia-induced gill remodeling on Cl Ϫ uptake. The cells believed to be responsible for Cl Ϫ uptake in fish are the mitochondrion-rich cells (MRC) or chloride cells (24, 27, 35) . Because there are numerous subtypes of fish MRC that may transport different ions, use of the term ionocyte is often used to denote generically all members of the MRC family (11) . Thus, in this study, we hypothesize that the increased passive efflux of Cl Ϫ that is presumed to accompany the elevated gill functional SA in hypoxic goldfish will be matched by equivalent increases in Cl Ϫ uptake owing to an increase in the numbers and cross-sectional area of ionocytes. In fish without an ILCM, the ionocytes are typically found in greatest abundance on the filament epithelium within the interlamellar channels and on basal regions of the lamellar epithelium. Thus, to ensure that Cl Ϫ uptake capacity is maintained in fish with or without an ILCM, we predict that the ionocytes will be positioned so as to always remain in contact with the water. Therefore, in normoxic fish at 7°C, we speculate that the ionocytes will largely be confined to the outer regions of the ILCM, whereas, in hypoxic fish, the ionocytes will migrate with the retracting ILCM so as to remain exposed to the external environment.
MATERIALS AND METHODS
Experimental animals. All experiments using goldfish (C. auratus) were performed at the University of Ottawa; experiments involving crucian carp (C. carassius) were conducted at the University of Oslo. Descriptions of the holding conditions and experimental protocols for subjecting crucian carp (36.1 Ϯ 6.2 g; n ϭ 21) to hypoxia can be found in Sollid et al. (32) . Goldfish (23.9 Ϯ 0.4 g, n ϭ 195; Along's International, Mississauga, Canada) were acquired and held for at least 1 wk in circular tanks provided with dechlorinated city of Ottawa tap water at 18°C. After the initial acclimation period, water temperature was decreased daily by 2°C to reach a final acclimation temperature of 7°C. Fish were maintained under a 12:12-h light-dark photoperiod and were fed once a day with commercial food pellets. The fish were maintained at 7°C for at least 2 wk prior to their use in any experiments. Twenty-four hours prior to the onset of the experiments, fish were moved to individual boxes (ϳ600 ml) that were supplied with flowing aerated water at acclimation temperature. Once in these individual chambers, fish were exposed to hypoxic (see below) or normoxic conditions and were not fed.
Hypoxia was achieved by gassing a water equilibration column supplying the fish with N2 to maintain PO2 at 6% of air saturation (ϳ10 mmHg); the duration of hypoxia was either 1, 3, or 7 days. In some experiments, hypoxic fish were returned to normoxic water and allowed to recover for 12 h or 1-2 wk. The experiments were concluded by killing the fish by anesthetic overdose (benzocaine, ethyl-P-amino-benzoate, 2.4 ϫ 10 Ϫ4 mol/l; Sigma, St. Louis, MO); gill tissues or blood and water samples were taken for further analysis. Water PO 2 was measured by continuously pumping water across a PO2 electrode (Cameron Instruments) that was housed in a temperaturecontrolled cuvette and connected to an O2 meter (Cameron Instruments). The PO2 electrode was calibrated at least daily with zero solution (2% sodium sulfite) and air-equilibrated water. All experiments using live animals were performed according to institutional guidelines in accordance with the Canadian Council on Animal Care. Experimental procedures (Protocol BL-226) were preapproved University of Ottawa Animal Care and Veterinary Service.
Light microscopy and immunocytochemistry. Upon removal of the gill arches, filaments from arches 1 and 2 (left side) were placed into a solution of zinc iodide-2% osmium tetroxide (Champ Maillet's fixative; 3:1 ratio) for at least 24 h at room temperature (7) . The samples were then cryoprotected using 15% sucrose (12 h) followed by 30% sucrose. All samples were stored in 30% sucrose at 4°C prior to use. The gills were embedded in optimum cutting temperature cryosectioning medium (Van Waters and Rogers), incubated for 20 min and sectioned horizontally (10-m sections) using a cryostat (model CM 1850; Leica Laboratories, Germany). Sections were placed on microscopy slides (Superfrost Plus; Fisher) and mounted with 60% glycerol under a coverslip.
For immunocytochemistry, gill filaments from arches 1 and 2 (right side) were placed directly into 4% paraformaldehyde and left overnight at 4°C. Tissues were cryoprotected in sucrose and sectioned (10-m thick sections) by using a cryostat (see above). Sections were placed on microscopy slides (Superfrost Plus; Fisher) and allowed to incubate for 1 h at room temperature prior to being stored at 4°C until required. Following 3 ϫ 5 min washes with PBST (0.1 M PBS, 0.3% Triton-X 100) and blocking with sheep serum (1:10 dilution, Sigma) for 1 h, sections were incubated for 2 h at room temperature with primary antibody: ␣5 (1:100), a mouse monoclonal antibody against the ␣1-subunit of chicken Na ϩ /K ϩ -ATPase (NKA; University of Iowa Hybridoma Bank). The ␣5 antibody has been used successfully for immunocytochemistry in numerous vertebrate species including fish (e.g., see Ref. 37 ). For negative controls, sections were incubated with 1ϫ PBST buffer lacking primary antibody. Immunofluorescence was detected after the sections were incubated with a 1:400 dilution of Alexa Fluor-546 coupled to goat anti-mouse IgG (Fisher, Ottawa, ON, Canada) for 1 h. After being washed (3 ϫ 10 min in 0.1ϫ PBS), sections were mounted in Vectashield mounting medium (Vector Labs) and coverslipped.
For each fish, two gill sections were examined by using light or epifluorescence microscopy. Photos (4 per fish) from randomly selected areas of the midregions of the gill filament were taken at ϫ40 magnification. Photos were taken using an Axiophot (Zeiss, Germany) microscope, Olympus DP70 digital microscope camera, and Image Pro Plus software version 6.0 (Media Cybernetics, Bethesda, MD). Digital images were analyzed using web-based imaging software (Image J; Waine Rasband, Maryland) to determine morphological variables including numbers and cross-sectional areas of ionocytes (stained black using zinc iodide-osmium tetroxide or exhibiting enrichment of NKA by immunofluorescence) and the relative crosssectional area of the ILCM.
Transmission electron microscopy. The second gill arch (left side) was excised and placed in 2.5% glutaraldehyde buffered with 0.1 M sodium cacodylate (pH ϭ 7.4) for 24 h at 4°C. The tissue was then cut into pairs of filaments and postfixed with 2% OsO 4 and 1.5% potassium ferric cyanide [K 3Fe (CN)6] for 1 h in darkness. En bloc staining was carried out with 1.5% uranyl acetate for 30 min in darkness. Pairs of filaments were then embedded in Epon and sectioned on an automatic ultramicrotome into semi-thin sections (0.5 m) for light microscopy and thin sections (60 nm) for transmission electron microscopy (TEM). Semi-thin sections were placed on microscopic slides (Superfrost Plus; Fisher), stained with Richardson's stain (1% Azure and 1% methylene blue in 1% borax) and viewed with a Leica DMRXA microscope (Microsystems, Germany). Representative pictures were taken with MacroFire Digital Camera (Optronics). Thin sections were placed on copper grids with carbon-coated formvar film, stained with lead citrate and examined using a Philips CM 100 transmission electron microscope. Representative photos were taken with MegaView III Soft Imagining System (Olympus, Germany) at magnifications ranging from ϫ2,600 to ϫ5600.
NKA activity. The third gill arch from each fish was added to SEI buffer (150 mmol/l sucrose, 10 mmol/l EDTA, 50 mmol/l imidazole), frozen in liquid N2 and stored at Ϫ80°C. NKA activity was determined (in triplicate) in the supernatant of homogenized samples using a spectrophotometric microplate assay according to McCormick (17) . Ouabain-sensitive ATPase activity was measured and expressed in units of micromoles ADP per milligrams protein per hour and compared with ATPase activity in the absence of ouabain. Protein was determined using the bichinchonic acid method (BIORAD) in the instructions of the manufacturer.
Time-differential double fluorescent staining of ionocytes. To determine whether ionocytes were migrating with the ILCM during temperature change or, alternatively, appearing as newly differentiated ionocytes, the "time-differential double fluorescent staining technique" of Katoh and Kaneko (13) was adopted with the following modifications. Only one MitoTracker (MitoTracker Red CMXRos; Molecular Probes) was used; fish were exposed to this fluorescent mitochondria-specific dye for 4 h (1 mol/l) in normoxic water. Fish were then exposed to running hypoxic water for 7 days; control fish were maintained in normoxic water. After the duration of hypoxia, fish were euthanized (see above), and gill tissue was removed, fixed, and sectioned for immunocytochemistry as described previously, while allowing as little exposure to light as possible. To detect NKA-enriched cells, the ␣5 monoclonal antibody was used in conjunction with the secondary antibody Alexa Fluor-488 (green) coupled to goat anti-mouse IgG (Fisher, Ottawa, ON, Canada). Because we previously demonstrated that all NKA-enriched cells in goldfish will stain positively with MitoTracker (D. Mitrovic and S. F. Perry, unpublished observations), this protocol allows time-dependent differential labeling of the ionocytes. Thus, if a cell is stained both red and green, it existed prior to the onset of temperature change, whereas if a cell is stained only green (MitoTracker negative, NKA positive), it is assumed that this is a new ionocyte that did not exist at the beginning of the experiment.
Real-time RT-PCR. Total RNA was extracted from 100 mg of gill tissue using Trizol reagent (Invitrogen) and resuspended in 40 l of nuclease-free water. Reverse transcription was performed using the Revertaid H Minus M-MuLV reverse transcriptase enzyme according to the protocol for cDNA synthesis provided by the manufacturer (Fermentas, Life Sciences). The following modifications were made: the final reaction volume was 20 l and 2 l of RNA was used with 0.2 g of random hexamer primers. An MX 3000 Multiplex Quantitative PCR System (Stratagene) and Brilliant SYBR Green QPCR Master Mix (Stratagene) were used for the real-time RT-PCR as per the instructions of the manufacturer with slight modifications: the total reaction volume was adjusted to 12.5 l; 1 l of cDNA template was used, and final primer concentrations were 100 nmol/l. Annealing and extension temperatures were 55°C (1 min) and 72°C (1 min) for over 40 cycles. All of the primers used for real-time PCR (including the reference gene 18S ribosomal RNA) were designed using web-based software (primer3; http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). To obtain homologous primers to amplify goldfish NKA, a 485-bp nucleotide sequence obtained from a BLAST search of GenBank (accession no. FG392680) was used. NKA 1␣ (09a01): forward primer 5Ј-CGAGGTACCGTCACCATTCT-3Ј; reverse primer 5Ј-GTCTGTTTTGGGGTTTCTGG-3Ј. Primers for 18S ribosomal RNA were designed from a 551-bp nucleotide sequence obtained from a BLAST search of GenBank (accession no. AF047349): forward primer 5Ј-GAGCCTGAGAAACGGCTACC-3Ј; reverse primer 5Ј-CCATGGGTTTAGATATGCTC-3Ј.
The specificity of the primers was verified by cloning and sequencing of the amplified products. To ensure that residual genomic DNA was not being amplified, control experiments were performed in which reverse transcriptase was omitted during cDNA synthesis. Relative expression of mRNA levels was determined (using 18S RNA as an endogenous standard) by a modification of the critical threshold cycle (⌬-⌬Ct) method (28) . Amplification efficiencies were determined from standard curves generated by serial dilution of plasmid DNA. An analysis of the overall data demonstrated that the Cts for 18S RNA were constant among the various treatment groups [overall (n ϭ 34) control 18S Ct ϭ 22.9 Ϯ 0.3; overall (n ϭ 28) hypoxia 18S Ct ϭ 22.3 Ϯ 0.3]. Fig. 1 . Mean data and representative micrographs illustrating the effects of acclimation to hypoxia and subsequent normoxic recovery (Rec) on relative interlamellar cell mass (ILCM) cross-sectional area in gills of goldfish (Carassius auratus). A: cross-sectional area of the ILCM (expressed as %total interlamellar area) was decreased (*) in fish after only 1 day in hypoxic water and returned to control levels after 2-wk recovery under normoxic conditions. Data are means Ϯ 1 SE; n ϭ 6 for all groups. B and C: representative light micrographs illustrate the marked differences in the extent of the ILCM (representative single ILCMs outlined) in the normoxic and hypoxic fish as well as the obvious increase in functional lamellar surface area in fish acclimated to hypoxia; scale bars ϭ 20 m; the ionocytes are stained black.
Fig. 2. Effects of exposure to hypoxia for 7 days on branchial Cl
Ϫ efflux (JOUTCl Ϫ ; n ϭ 6 for all groups) (A) and whole body Cl Ϫ influx (JINCl Ϫ ; n ϭ 6 for all groups) (B) in goldfish (C. auratus). In one set of experiments (hypoxia), fluxes were conducted under prevailing acclimation conditions (black bars, normoxia; white bars, hypoxia), while in another set of experiments (hypoxia 3 normoxia), fluxes were conducted under normoxic conditions only. Data are presented as means Ϯ 1 SE.
a,b,c Values not sharing a common letter are statistically different (P Ͻ 0.05).
Chloride fluxes and plasma analysis. To assess the effects of hypoxia and gill remodeling on Cl Ϫ efflux (JOUTCl Ϫ ), fish were lightly anesthetized and injected intraperitoneally with 40 Ci kg Ϫ1 of 36 Cl (American Radiolabeled Chemicals, St. Louis, MO) and allowed to recover for 12 h. Fish were anesthetized (ethyl-P-aminobenzoate, 2.4 ϫ 10 Ϫ4 mol/l), and their vents were sutured shut and glued to eliminate urinary excretion for 7 h (the fish were too small to be fitted with urinary catheters). The fish were placed in their chambers, and after 3 h water flow was stopped and 10 ml samples were collected for 4 h at hourly intervals to determine the appearance of 36 Cl. After 4 h, the fish were euthanized with anesthetic, and blood samples (ϳ300 l) were collected by caudal puncture into heparinized syringes. Plasma was obtained by centrifugation (14,000 g for 3 min) and immediately frozen in liquid N 2. Plasma Cl Ϫ levels were determined using a spectrophotometric method (40) modified for microplate. 36 Cl activity (converted from cpm to dpm after quench correction) was measured by liquid scintillation counting (model LS 6500 Multi-Purpose Scintillation Counter; Beckman Coulter) using 4 ml of water mixed with 15 ml of scintillation cocktail (Bio-Safe II; Research Products International, Mt. Prospect, IL) or 100 l of plasma added to 3.9 ml of distilled water and 15 ml of scintillation cocktail. The average rate of appearance of 36 Cl in the water was determined from the slope of the linear regressions relating time and 36 Cl activity. JOUTCl Ϫ (in mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) was calculated according to the following formula: JOUTCl Ϫ ϭ [⌬water 36 Cl (dpm/h)/plasma 36 Cl-specific activity (dpm/mol)]/fish mass (kg).
To determine Cl Ϫ influx (JINCl Ϫ ), 0.5 Ci of 36 Cl was added to the aerated water and allowed to mix for 15 min. Water samples (10 ml) were taken at time 0 and after 4 h to assess 36 Cl activity (using 4 ml samples; see above) to obtain a rate or 36 Cl disappearance. Typically, the decrease in radioactivity over the 4-h period was about 15% of starting radioactivity (ϳ700 dpm). For these experiments, the vent was not sutured. J INCl Ϫ (in mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) was calculated according to the following formula: JINCl Ϫ ϭ [⌬water 36 Cl (dpm/h)/water 36 Cl specific activity (dpm/mol)]/fish mass (kg). Average water Fig. 3 . Effects of exposure to hypoxia on branchial efflux of polyethylene glycol (PEG) as determined under prevailing acclimation conditions (black bars, normoxia; n ϭ 5; white bars, hypoxia; n ϭ 5) (A) or normoxic conditions (n ϭ 6 for each group) (B). Data are presented as means Ϯ 1 SE. *Significant differences from values in fish acclimated to normoxia (P Ͻ 0.05). Fig. 4 . Mean data and representative micrographs illustrating the effects of acclimation to hypoxia and subsequent normoxic recovery on the crosssectional area of ionocytes (as determined using osmium-zinc iodide staining) and their distribution in goldfish (C. auratus). A: cross-sectional area of ionocytes was significantly decreased (*) in fish exposed to hypoxia (white bars) for 7 days compared with fish kept in normoxic water (black bars). Data are presented as means Ϯ 1 SE; n ϭ 6 for all groups. B and C: representative light micrographs illustrate that the increase in ionocyte (arrows) surface area in fish acclimated to hypoxia for 7 days was a result of increased numbers of cells (see Table 2 ); scale bars ϭ 20 m. 36 Cl-specific activity was used in the above calculation by taking the mean of the two values obtained at time 0 and 4 h.
Gill paracellular permeability. To assess the effect of temperature change and the associated changes in functional SA on the paracellular permeability of the gills, fish were anesthetized (as above) and injected intraperitoneally with 50 Ci kg Ϫ1 of the extracellular marker 3 H-PEG 4000 ( 3 H-polyethylene glycol 4000; Perkin Elmer) using an injection volume of 1.25 ml/kg. All other aspects of this experimental protocol were identical to the Cl Ϫ efflux experiment previously described. Preliminary experiments (n ϭ 6) comparing fish with and without sutured vents demonstrated that PEG efflux was reduced by 94% after suturing the vent. Thus, it is likely that this technique provides a reliable index of branchial PEG efflux.
Data presentations and statistical analysis. Statistical analysis was performed using Sigma Stat (version 3.0; SPSS, Chicago, IL). Numerical data are presented as means Ϯ SE. Statistical significance for all data sets were evaluated using one-way or two-way ANOVA, except for changes in gill NKA mRNA expression, which were analyzed using one-sample Student's t-tests. Significance of all data results was set at P Ͻ 0.05.
RESULTS
There were marked time-dependent changes in the morphology of the gill ILCM in goldfish exposed to hypoxia (ϳ10 mmHg). The area of the ILCM (expressed as %total interlamellar area) varied between 90.5 and 96.8% in fish maintained at 7°C in normoxic water (Fig. 1A) . Exposure of fish to hypoxia for 1 day caused a reduction of the ILCM area to 69.4 Ϯ 1.0%; after 7 days, the area of the ILCM was reduced to only 39.1 Ϯ 1.8% of the total interlamellar area (Fig. 1A) . Reexposure of hypoxic fish to normoxia caused a reappearance of the ILCM that was complete after 2 wk (Fig. 1A) . Although not quantified in the present study, the reduction of the ILCM during hypoxia was associated with an increase in lamellar functional SA (e.g., compare Fig. 1, B and C) .
The effects of 7 days of hypoxia on unidirectional Cl Ϫ fluxes (as measured both under hypoxic and normoxic conditions) are depicted in Fig. 2 . When measured under the prevailing hypoxic conditions, there was no significant change in J OUT Cl Ϫ in fish previously exposed to hypoxia for 7 days. However, when assayed under normoxic conditions, there was a pronounced increase in J OUT Cl Ϫ in the fish acclimated to hypoxia ( Fig. 2A) . J IN Cl Ϫ was reduced in hypoxic fish (Fig. 2B) ; however, the hypoxia-exposed fish exhibited a marked increase in J IN Cl Ϫ when assayed under normoxic conditions (Fig. 2B) . The data for J NET Cl Ϫ (calculated on the basis of Cl Ϫ concentration differences during flux periods) was highly variable and indicated no significant differences between the fish acclimated to hypoxia for 7 days and the normoxic fish. Net Cl Ϫ fluxes calculated from the mean data (preventing statistical evaluation) suggested that hypoxic fish were experiencing a greater net loss of Cl Ϫ (Ϫ20 and Ϫ131 mol⅐kg Ϫ1 ⅐h Ϫ1 in the normoxic and hypoxic fish, respectively). Returning the hypoxic fish to normoxic water caused an increase in J NET Cl Ϫ to 60 mol⅐kg Ϫ1 ⅐h
Ϫ1
. The levels of plasma Cl Ϫ in the two groups of fish were consistent with the trends in the Cl Ϫ flux data; plasma [Cl Ϫ ] was significantly reduced in the fish acclimated to 7 days of hypoxia (67.5 Ϯ 3.8 mmol/l) compared with the normoxic fish (93.9 Ϯ 5.8 mmol/l) (Table1).
Efflux of the extracellular marker PEG, an index of branchial paracellular permeability, was significantly reduced (by 62%) in the fish acclimated to (and assessed in) hypoxic water (Fig. 3A) . When assessed under normoxic conditions, PEG efflux was markedly enhanced (by 100%) in the fish previously acclimated to hypoxia (Fig. 3A) .
The total SA of ionocytes [deduced as the product of cell size (area) and cell numbers] was decreased in hypoxic fish ( Fig. 4A; Table 2 ). In normoxic fish, total ionocyte area averaged about 5,000 m 2 /mm of filament length (Fig. 4A ). After 7 days of hypoxia, total ionocyte area was decreased to 2,890 Ϯ 141 m 2 /mm (Fig. 4A) , owing exclusively to a reduction in their numbers (Table 2) . In normoxic fish, the ionocytes were largely confined to the outer edge of the ILCM, Data are means Ϯ 1 SE. *Significant differences from values in normoxic control fish (C); P Ͻ 0.05; n ϭ 6 for all groups). Table 2 Data are means Ϯ SE. *Significant differences from values in normoxic control fish (C) (P Ͻ 0.05; n ϭ 6 for all groups). The 7-day recovery samples were not analyzed because of tissue deterioration. whereas in hypoxic fish, the ionocytes were also situated along lamellar surfaces (Fig. 4, B and C) . Similar results were obtained when comparing the SA of ionocytes on the basis NKA enrichment. The SA of NKA-positive cells (Fig. 5A ) was significantly lowered in the fish exposed to 7 days of hypoxia (2,702 Ϯ 165 m 2 /mm) compared with the normoxic fish (4,535 Ϯ 320 m 2 /mm). The decrease in the SA of NKApositive cells during hypoxia was the result of a reduction in their frequency; the size of individual NKA-positive cells was unchanged in fish exposed to hypoxia for 7 days ( Table 2 ). The decreases in the SA of the NKA-positive cells were no longer apparent in the 2-wk recovery group. Similar to the ionocytes identified using osmium tetroxide-zinc iodide staining (Champ-Maillet's fixative; 8), the NKA-positive cells were situated predominantly along the outer edge of the ILCM in normoxic fish, whereas in hypoxic fish, the ionocytes were largely localized within the interlamellar regions and along lamellar surfaces (Fig. 5) . The distribution of ionocytes in crucian carp with and without an ILCM was examined further using light and TEM (Figs. 6 and 7) . The uppermost region of the ILCM (termed the superficial layer; Fig. 6A ) typically consisted of an assortment of MRCs, many of which were in contact with the water, as well as a number of possibly apoptotic and unidentified cells. A frequently observed type of MRC (termed type 1) was irregular in shape and possessed an elongated (often notched) nucleus and membranous enfoldings (Fig. 6, B-D) . A second, less common type of MRC (type 2) typically was oval and contained a denser population of larger mitochondria. A third type (type 3) was characterized by a densely staining tubular network that is frequently observed using reduced osmium staining (e.g., see Ref. 30 ). The superficial layer also contained presumptive apoptotic MRCs (Fig.  6B) .The inner zone of the ILCM (deep layer) consisted predominantly of undifferentiated cells and newly differentiated MRCs (Fig. 6, E and F) . The appearance of the superficial layer in the hypoxic fish (Fig. 7) was similar to the normoxic fish. However, the removal of the ILCM in the hypoxic fish revealed a lamellar epithelium that was covered with an assortment of cells, including pavement cells and type 1 MRCs (Fig. 7, B and C) .
. Effects of acclimation to hypoxia and subsequent recovery in normoxic water on the numbers and cross-sectional areas of individual ionocytes as identified either using osmium-zinc iodide staining (Champ Maillet's fixative) or Na
The decrease in the SA of the NKA-positive cells in the fish acclimated to hypoxia was not matched at the functional level by a decrease in branchial NKA activity; indeed, enzyme activity was increased from 1 to 7 days of hypoxia and persisted at least until 7 days of recovery in normoxic water (Fig. 8A) . The relative expression of branchial mRNA for NKA was increased after 7 days of hypoxia (Fig. 8B) .
To determine whether the relocation of ionocytes during removal of the ILCM in hypoxic fish was a result of migration of existing ionocytes and/or differentiation of new ionocytes, a time-differential double fluorescent staining technique was employed (14) . The results demonstrated (Fig. 9 ) that the majority of the relocated cells had migrated from preexisting cells [i.e., most of the cells were stained both red (Mitotracker) and green (NKA positive)]. Additionally, however, a few new ionocytes appeared within the ILCM as indicated by singly green-labeled cells (Fig. 9, B and C) . Compared with control fish kept in aerated water for 2 wk, there were significantly greater numbers of newly formed ionocytes in fish exposed to 7 days of hypoxia (17.2% vs. 4.9% of total; Fig. 9A ).
DISCUSSION
The results of this study demonstrate that goldfish (C. auratus), like the related crucian carp (C. carassius) experience a gross remodeling of the gill in response to environmental hypoxia. The remodeling consists of the removal of an ILCM leading to the uncovering of previously covered lamellae and hence an increase in the functional lamellar SA. However, unlike crucian carp, which display an ILCM over a relatively wide range of temperatures (8 -20°C) (32, 34) , goldfish must first be acclimated to cold water (7°C in the present study) to initiate ILCM formation. Thus, unlike in crucian carp, hypoxic gill remodeling in goldfish will occur only in animals inhabiting cold water. As reported for crucian carp, the hypoxiamediated gill remodeling was reversible upon return of goldfish to normoxia, although it occurred more slowly. Goldfish required 14 days for the complete restoration of the ILCM, whereas total reversal occurred in only 7 days in crucian carp acclimated to a similar temperature (8°C) (20) .
Interactive effects of gill remodeling and hypoxia on branchial effluxes of Cl Ϫ and PEG. Despite the removal of the ILCM during hypoxia and the resultant uncovering of lamellae, there was no associated increase in the passive efflux of either Cl Ϫ or PEG when measured under the prevailing conditions of hypoxia. Indeed, the paracellular efflux of PEG was significantly reduced in the hypoxic fish. The interpretation of these data is, of course, confounded by the possibility of conflicting effects of gill remodeling and hypoxia, itself. Therefore, additional experiments were performed in which hypoxic fish were reexamined 12 h after being returned to normoxia. This brief recovery period is not long enough to allow the ILCM to regenerate (D. Mitrovic and S. F. Perry, unpublished data) but is presumed to be of sufficient duration to alleviate the acute consequences of hypoxia. The results of these experiments revealed a profound inhibitory influence of hypoxia on passive branchial fluxes, because Cl Ϫ and PEG efflux were markedly stimulated when assayed under normoxic conditions. Thus, it is suggested that the increased SA during hypoxic gill remodeling failed to elicit the anticipated increases in gill permeability owing to the counteracting effects of hypoxia or some secondary effect(s) associated with hypoxia. Upon removal of the hypoxia, the increase in functional SA caused the anticipated rise in Cl Ϫ and PEG permeability. A similar effect of shortterm (6 h) hypoxia on reducing Na ϩ efflux was observed in the Amazonian oscar (38) . The mechanisms underlying the inhibitory effects of hypoxia on gill permeability are unknown, but because Cl Ϫ and PEG are believed to diffuse via a paracellular route, it is reasonable to assume that hypoxia is somehow tightening the paracellular pathways. To our knowledge, there is no prior evidence supporting such a role for hypoxia on decreasing paracellular permeability, and, indeed, data obtained from comparable mammalian epithelial models [e.g., the rat alveolar epithelium (3)] demonstrate that hypoxia increases paracellular permeability by interacting with tight-junction proteins. The impact of hypoxia on tight-junction proteins in the fish gill clearly is an area that warrants future research. Another possible explanation for the reduced diffusive fluxes of PEG and Cl Ϫ during hypoxia is that the lamellae exposed by gill remodeling do not contribute to functional SA because they are not perfused. As discussed by Wood et al. (38) , restricting blood flow to the gill might be advantageous for some hypoxia-tolerant species exposed to such severe levels of hypoxia so as to limit ion loss and water gain in a situation where O 2 uptake is becoming futile. However, because of their high-affinity hemoglobin [P 50 ϭ 2.6 mmHg; (4)] coupled with a robust hyperventilatory response [V. Tzaneva, S. F. Perry, and K. M. Gilmour, unpublished data] a significant component of O 2 uptake is likely to be maintained during hypoxia. Indeed, a previous study (36) demonstrated that goldfish acutely exposed (2 h) to hypoxia (ϳ15 mmHg) retained about 50% of aerobic metabolic rate. The apparent similarity in the distribution of red blood cells within the blood channels of distal regions of crucian carp lamellae (Figs. 5 and 6 ) would suggest that blood flow was not preferentially restricted from lamellae in normoxic or hypoxic fish.
Regardless of the mechanism(s) underlying the reduced permeability in the hypoxic goldfish, the net effect is likely to be of considerable benefit because gill SA can be markedly increased to aid gas transfer without a major impact on osmoregulation. Notably, however, the hypoxic fish experienced significant decreases in plasma Cl Ϫ levels, suggesting negative Fig. 8 . Effects of acclimation to hypoxia and subsequent normoxic recovery on branchial NKA activity (A) and relative NKA mRNA levels (B) in goldfish (C. auratus). A: branchial NKA activity was increased (P Ͻ 0.05; *) in fish exposed to 1, 3, or 7 days of hypoxia (white bars; n ϭ 6 for each group) compared with fish acclimated to normoxia (black bars; n ϭ 6 for each group). B: expression of NKA mRNA in the fish acclimated to hypoxia (n ϭ 6 for all groups) was significantly increased after 7 days compared with corresponding normoxic fish (n ϭ 6 for all groups) assigned a relative value of 1. Data are presented as means Ϯ 1 SE. Fig. 7 . Light and transmission electron micrographs of representative gill sections obtained from hypoxic (7 days) crucian carp (C. carassius). A: light micrograph of a semi-thin section at low magnification demonstrating the removal of the ILCM that was present in normoxic fish (Fig. 6A) . The ILCM is divided (white line) into a superficial layer (SL) and a deep layer (DL) and underlined by a basal lamina (BL). B and C: higher magnification micrographs of the exposed lamellar epithelium illustrating the presence of at least two types of mitochondrion-rich ionocytes (MRC 1 and 2) and pavement cells (PC). m, Mitochondrion.
net Cl Ϫ balance, despite the permeability adjustments of the gill. The reduction of plasma Cl Ϫ presumably reflected the marked reduction in Cl Ϫ uptake (see below) that was not matched by equivalent decreases in Cl Ϫ efflux.
Interactive effects of gill remodeling and hypoxia on branchial ionocytes and influx of Cl
Ϫ . Similar to the inhibition of active Na ϩ uptake observed in hypoxic Amazonian oscar (38) , goldfish exposed to hypoxia exhibited a marked reduction of Cl Ϫ uptake. While these results were unexpected, given the original hypothesis of increased Cl Ϫ losses accompanying hypoxic gill remodeling, they were less surprising when considering that measured rates of Cl Ϫ loss were, in fact, unaltered during hypoxia. The reduction of JinCl Ϫ during hypoxia was likely attributable, at least in part, to a direct inhibitory effect of hypoxia (potentially caused by falling ATP levels), because upon return to normoxia, JinCl Ϫ was markedly stimulated. Moreover, because the rates of JinCl Ϫ in posthypoxic fish exceeded those in appropriate control (normoxic) fish, it would suggest that the intrinsic Cl Ϫ transporting potential of the gill was actually increased during hypoxia but only revealed when the hypoxia was relieved. To gain insight into the possible mechanism(s) underlying the altered rates of JinCl Ϫ during and after acclimation to hypoxia, the numbers and cross-sectional areas of ionocytes were characterized and NKA activities were assessed. Perhaps the most notable finding was that there was no obvious relationship between ionocyte abundance (and cross-sectional area) and rates of JinCl Ϫ . In fact, when measured under normoxic conditions, the rate of JinCl Ϫ was highest in the fish possessing fewer ionocytes. At first glance, this finding would appear to be at odds with the well-known positive relationship between ionocyte abundance and rates of ionic uptake in fishes (16, 18, 25, 26) . A possible explanation for this apparent discrepancy between ionocyte abundance and JinCl Ϫ may be related to the location of the ionocytes. In normoxic fish at 7°C, the ionocytes are found largely on the outer edge of the ILCM. Such a location of the ionocytes would presumably present a challenge for ionic uptake because the cells of the ILCM lack a blood supply (32) . Thus, the ionocytes near the center of the ILCM are likely to be uncoupled from any vascular supply. On the other hand, ionocytes at each inner edge of the ILCM may exist in close proximity to lamellar blood channels. Ionocytes that are distant from blood channels may be inoperative or less effective at transepithelial ion uptake. It is conceivable, therefore, that increased numbers of ionocytes are required in the normoxic fish to sustain required rates of JinCl Ϫ . In the hypoxic fish, the ionocytes tend to be in closer proximity to lamellae (e.g., see Fig. 7 ) and may be more effective in the translocation of Cl Ϫ , thus requiring fewer numbers of participating cells.
Two different procedures were used to quantify the numbers and cross-sectional areas of ionocytes: staining using ChampMaillet's fixative (7) and NKA immunofluorescence. Each technique is believed to specifically stain cells with enriched basolateral membranes because of their high phospholipid content (Champ-Maillet's fixative) and abundance of NKA (immunofluorescence). It is conceivable, however, that some types of ionocytes cannot be identified using either of these techniques. For example, the cuboidal cells of Fundulus heteroclitus (14) and the PNA Ϫ MRCs of rainbow trout (Oncorhynchus mykiss) (6, 9) , both believed to be examples of ionocytes, lack a distinct tubulo-vesicular system. Such ionocytes can be identified, at least in part, on the basis of their abundant mitochondria. In the present study, we observed several types of putative ionocytes by TEM, two of which (types 1 and 2) appeared to more closely resemble the cuboidal Fig. 9 . Effects of hypoxia on the redistribution of branchial ionocytes. Live fish were bathed in Mitotracker Red and then exposed to hypoxia for 7 days (n ϭ 6) after which time the gills were fixed, sectioned, and incubated with ␣5 antibody (green) to localize NKA-positive ionocytes. Thus, after 7 days, preexisting ionocytes would appear red (with many also staining green), while newly formed ionocytes would be single labeled and appear green only. A: exposure to hypoxia resulted in a significant increase (*) in the number of newly formed ionocytes (white portions of bars), while the number of preexisting ionocytes was reduced (black portions of bars) compared with normoxic fish. Data are presented as means Ϯ 1 SE. B and C: after 7 days, removal of the ILCM appeared to be accompanied by the migration of preexisting ionocytes. Scale bar ϭ 20 m; cells were labeled with DAPI mounting media to show cell nuclei (blue). D and E: newly formed ionocytes (arrows) were appearing in the ILCM. Scale bar: 20 m; cells were labeled with DAPI mounting media to show cell nuclei (blue).
cell of Fundulus or the PNA Ϫ MRC of trout than the classical freshwater chloride cell (24) . Interestingly, all of these cells bear a striking resemblance to the mitochondrion-rich pavement cells first described in brown bullhead (Ictalurus nebulosus) (10) and proposed to be responsible for Na ϩ uptake. Despite the fewer numbers of ionocytes in the hypoxic fish, branchial NKA activity was significantly elevated, presumably a reflection (at least after 7 days) of the increased levels of NKA mRNA. The simplest explanation for these data is that the amount of NKA per ionocyte was increasing to counteract the inhibitory effects of hypoxia on NKA activity (2) .
The finding of increased NKA levels in hypoxic goldfish was in striking contrast to results reported in a recent study on the Amazonian oscar (Astronotus ocellatus) in which NKA activity was found to decrease significantly during hypoxia (38) . A potential explanation for the discrepancy between the two studies is that the goldfish (this study) were exposed to hypoxia for 1-7 days, whereas the oscars were exposed for only 6 h (38). While likely inhibiting NKA activity, it is also possible that hypoxia was specifically influencing the in vivo functioning of one or more ion transport proteins involved in Cl Ϫ uptake. Currently, the molecular mechanisms of Cl Ϫ uptake across the fish gill are unknown, although several anion transport proteins have been suggested to be involved including SLC26A4 [pendrin; (29) and SLC4A1 (AE1) (37) ].
The mechanisms of ionocyte redistribution during hypoxic remodeling of the gill. In the present study, we adapted the time-differential double fluorescent staining technique of Katoh and Kaneko (13) to study the kinetics of ionocyte redistribution associated with remodeling of the gill in goldfish exposed to hypoxia. The intent was to determine the relative importance of cell migration and cell differentiation to the redistribution of ionocytes as the ILCM was retracted during hypoxia. The method of Katoh and Kaneko (13) used two fluorescent mitochondrial indicator dyes (Mitotracker Red and Mitotracker Green) to identify preexisting and newly formed ionocytes. While we were able to achieve reliable and longlasting (2 wk) staining by bathing fish in vivo with Mitotracker Red, we were unsuccessful when using a second application of Mitotracker Green 7 days later. Thus, it was necessary to modify the published procedure of Katoh and Kaneko (13) . This was accomplished by applying an antibody (␣5 monoclonal antibody) to localize NKA on tissue sections derived from fish previously treated with Mitotracker Red (2 wk earlier). The interpretation of these data relies on the basic assumption that Mitotracker and the NKA antibody are, in fact, labeling the same cell type. We believe that this is a reasonable assumption, especially given the similar changes in ionocyte numbers and cross-sectional areas during hypoxia exposure as determined using the two different techniques (Table 2) . While all cells positive for NKA are likely to be ionocytes, there may be a subset of ionocytes that are not enriched with NKA as observed for the H ϩ -ATPase-enriched ionocytes of zebrafish larvae (11) (see above). Even if such cells were present in goldfish, the conclusions regarding cell migration and differentiation would still hold given the probability that all NKA-positive cells are ion transporting cells (ionocytes).
With the use of the time-dependent double fluorescent staining technique it was determined that ionocytes present on the outer edge of the ILCM in normoxic fish simply migrated with the diminishing ILCM during hypoxia so as to remain in contact with the water. Limitations of the technique (it is not possible to view before and after images from the same fish) did not allow us to calculate the exact percentage of ionocytes migrating over the 7-day period of hypoxia. However, a comparison of ionocyte numbers on the ILCM of normoxic and hypoxic fish suggest that the vast majority of cells migrated and that only a small fraction were removed or newly formed. This raises questions as to the physical nature of the ILCM remodeling and suggests that the ILCM retracts in a regulated manner to specifically maintain the population of ion-transporting cells. While the newly differentiated ionocytes observed within the ILCM presumably were derived from resident stem cells, the exact origin of these progenitor cells is unknown. Other studies, however, have demonstrated that ionocytes appearing on the lamellae are derived from stem cells within the filament (5, 15) , and thus the appearance of newly differentiated ionocytes in the ILCM of goldfish may reflect a similar process.
Perspectives
Traditionally, the energetic cost of osmotic regulation in freshwater fish is estimated to be Ͻ 5% of overall metabolic rate (20) . However, the results of the present study and those of Wood et al. (38) suggest that the additional metabolic costs of ionic regulation incurred by increasing functional lamellar SA may not necessarily be as high as historically predicted by the osmorespiratory compromise. For example, in goldfish acclimated to 7°C, the removal of the ILCM during hypoxia does not lead to an increase in the passive efflux of Cl Ϫ or the paracellular marker PEG, despite a marked increase in functional lamellar SA. This is likely an adaptive response that has evolved in hypoxia-tolerant species, such as goldfish and oscar (36) , to reduce osmoregulatory costs without simultaneously impeding branchial oxygen uptake. Future research should be directed at elucidating the mechanisms underlying the apparent reduction in branchial permeability during hypoxic gill remodeling.
